The lipophilicity of anticancer and immunosuppressant active 1,8-diazaphenothiazine derivatives (1 -16) has been investigated. Their lipophilicity (R M0 and log P TLC ) was determined by reversed-phase thin-layer chromatography with mixtures of acetone and TRIS buffer as mobile phases. The parameter R M0 and specific hydrophobic surface area b were significantly intercorrelated showing congeneric classes of dipyridothiazines. The parameter R M0 was discussed in the terms of the structure -lipophilicity relationships and transformed into parameter log P TLC by use of the calibration curve. The lipophilicity was correlated with molecular and biomolecular descriptors (human intestinal absorption, blood -brain barrier, plasma protein binding, MDCK) and in vitro tumor necrosis factor alpha inhibition and antiproliferative activity.
Introduction
Lipophilicity is a fundamental molecular property used in quantitative structure -activity relationship (QSAR) analysis and plays a crucial role in the drug design, in relation to their behavior in aqueous and organic phases in natural, technical and pharmacological processes. This parameter has been used in connection with blood -brain barrier (BBB) distribution or intestinal drug absorption and is modeled by partition of a solute between n-octanol and water (log P). It has been shown that increased lipophilicity can be correlated with increased biological activity, poorer aqueous solubility, more rapid metabolism and elimination, increased rate of skin penetration, increased plasma protein binding (PB), faster onset of action and occasionally shorter duration of action (1) .
It has also been shown for anticancer compounds that lipophilicity can be regarded as one of the main properties correlating with cytotoxicity (2 -4) . Lipophilicity might also play a secondary role in anticancer activity, and sometimes more active compounds exhibit low lipophilicity (5) .
For this reason, a quantitative assessment of lipophilicity is an important tool in QSAR studies (6 -11) . As the traditional method of the log P determination, "shake flask", has many limitations, the log P determination most often is based on reversed-phase thin-layer chromatography (RP-TLC) (12 -15) , which is easy to perform, relatively inexpensive and regarded as a suitable alternative for rapid and acceptably accurate estimation of the lipophilicity of drug candidates (12) .
Recent papers on new type of azaphenothiazines, dipyrido-1,4-thiazines of the 2,7-diazaphenothiazine structure, described their original synthesis and anticancer and antioxidant activities and lipophilic property (16 -19) . In the continuation of the search of bioactive azaphenothiazines, the synthesis, structure elucidation and biological activities of new type compounds, 1,8-diazaphenothiazines, were reported (20, 21). Some of these compounds exhibit significant in vitro antiproliferative activity (AP) against the human cancer cell lines: L-1210 (lymphoma) and SW-948 (colon tumor cell lines). 1,8-Diazaphenothiazines exhibited also promising inhibitory effects on lipopolysaccharide (LPS)-induced tumor necrosis factor alpha (TNF-a) production at the concentration of 5 and 50 mg/mL.
The aim of our study was to examine the lipophilicity of series of 10-substituted 1,8-diazaphenothiazines determined experimentally by the RP-TLC method and calculated with computer programs, as well as to find relationships between their lipophilicity and biological activity. The structures of 16 investigated compounds are presented in Figure 1 .
Experimental

Materials
The following chemicals were used in the mobile phase: acetone and ethanol (POCh; Gliwice, Poland), and Tris(hydroxymethyl) aminomethane (TRIS; Fluka), which were used for the preparation of the solutions. A set of five standards of known experimental lipophilicity (log P lit. ) was used for a calibration curve as follows: benzamide (I, 0.64 (22) ), acetanilide (II, 1.21 (23)), acetophenone (III, 1.58 (23)), 4-bromoacetophenone (IV, POCh, 2.43 (22) ) and benzophenone (V, Fluka, 3.18 (23)).
10-Substituted 1,8-diazaphenothiazines 1-16 were obtained in the reactions described recently (20). 10-Dimethylaminopropyl phenothiazine 17 (promazine, Sigma-Aldrich, St Louis, MO, USA) and 10-dimethylaminopropyl-1-azaphenothiazine 18 ( prothipendyl, AWD Pharma, Germany) were used as free bases as the reference phenothiazines.
Chromatographic procedure Thin-layer chromatography was performed on 10 Â 10 cm RP-TLC plates precoated with silica gel RP-18F 254S (Merck, Germany). The mobile phase was acetone and aqueous TRIS buffer with pH 7.4 (ionic strength 0.2 M) to meet physiological conditions. The concentration of acetone in the mobile phase ranged from 40 to 75% (v/v) in 5% increments. 1,8-Diazaphenothiazines 1-16, reference compounds 17, 18 and the standards I-V were dissolved in ethanol (2.0 mg/mL), and 2 mL of these solutions were spotted on the plates 10 mm from the bottom edges. Before development of the plates, chromatographic chambers were saturated with the mobile phase for 0.5 h. After development of the plates and drying in a stream of air, the chromatograms were observed under UV light at l ¼ 254 nm. At least three chromatograms were developed for each solute -solvent combination, and R F values were averaged.
Computational programs
Computational programs are based on atomic, atomic/fragmental, fragmental and property-contributed calculations (ALOGP, XLOGP2, XLOGP3, AClog P, KowWin, mi log P, MLOGP) using the Internet databases (24). Molecular descriptors (molar mass, volume and refractivity) were calculated using CS Chem 3D Ultra 7.0 (25) . For the prediction of biological activities such as the human intestinal absorption (HIA), the PB, the BBB and cell permeability (MDCK), PreAdmet was used (http://preadmet.bmdrc. org/).
Results
The lipophilicity of the tested 1,8-diazaphenothiazines 1-16 was first determined by using seven most popular computer programs based on different theoretical approaches. The obtained log P calcd values for compounds 1-16 were quite different, depending on the program used (log P calcd ¼ 0.38-4.30, Table I ). For the reference compounds 17 and 18, the log P calcd values were in the range of 3.26 -4.63 and 2.60 -4.01.
Next, the experimental RP-TLC method with silica gel plates and the acetone -TRIS buffer mixture was used. The R M values were calculated from the experimental R F values by using the following equation: R M ¼ logð1=R F À 1Þ, which decreased linearly with increasing concentration of acetone in the mobile phase (the correlation coefficient r ¼ 0.9710-0.9993).
The relative lipophilicity R M0 values were obtained by extrapolation to zero acetone concentration by the equation R M ¼ R M0 þ bC, where C is the concentration (%, v/v) of acetone in the mobile phase. This parameter describes the partitioning between non-polar stationary and polar mobile phases (Table II) . The values are in the range of 0.5630 -2.4208.
The linear relationship between those two parameters (R M0 ¼ Bb þ a) is basic feature of the chromatographic determination of lipophilicity and enables to determine the slope b describing 
No.
A log P S AC log P ALOGP M log P KowWin X log P2 X log P3 specific hydrophobic surface area of the tested compounds to find the congeneric compound subclasses (26). 1,8-Diazaphenothiazines 1-16 differ significantly in molecular descriptors, predicted and tested biological activities (Table III) . The wide range of molar mass (201 -388), molar volume (148-275) and molar refractivity (57-106) indicates for the substituent diversity in the tested compounds. The compounds possess high indexes of HIA and the PB although the indexes of the BBB and MDCK are very differential. These predicted results suggest that some 10-substituted 1,8-diazaphenothiazines could be potential candidates for neuroleptic drugs of good oral bioavailability. 1,8-Diazaphenothiazines were tested for their AP as phytohemaglutin A-induced proliferative response of human peripheral blood mononuclear cells and LPS-induced TNF-a production by these cells. Table III contains these results given in percentage inhibition as compared with the appropriate controls (20). The experimental R M0 values were correlated with those descriptors and activities (Table IV) .
Next, the calibration curve was created under the same measurement conditions with the use of a set of standards I -V possessing the literature values of log P lit in the range of 0.64-3.18 (Table V) . The relative lipophilicity R M0 values of compounds 1 -16 were transformed into the log P TLC values. To check prediction power of used calculating programs, the log P TLC and log P calcd values were intercorrelated.
Discussion
This work is a part of physicochemical property studies of anticancer derivatives of 1,8-diazaphenothiazine. The series of 1,8-diazaphenothiazine derivatives contains compounds with different substituents at the thiazine nitrogen atom: alkyl, dialkylaminoalkyl, cycloaminoalkyl, acylaminoalkyl, chloroethylureidoalkyl and sulfonylaminoalkyl substituents, which are essential pharmacophore groups for anticancer activity (27, 28) .
The use of calculating programs brought different log P calcd values depending on the nature of the substituent and the program used. As expected, the most lipophilic compound was 10-phthalimidopropyl-1,8-diazaphenothiazine 13 (log P calcd ¼ 4.30) but slightly less lipophilic compounds were 10-Nmethylpiperidinylethyl-1,8-diazaphenothiazine 12 (log P calcd ¼ 4.11) and 10-benzyl-1,8-diazaphenothiazine 5 (log P calcd ¼ 4.04). The least lipophilic compound was not compound 1 with the only hydrogen atom at the thiazine nitrogen atom but unexpectedly 10-methanesulfonylaminopropyl-1,8-diazaphenothiazine 15 (log P calcd ¼ 0.38). The largest differences in the log P calcd values for each compound were very substantial (close to two units in the logarithmic scale). This makes impossible to choose the proper values to characterize the lipophilic property of new phenothiazine compounds.
The experimental R M0 values showed compound 13 to be the most lipophilic and compounds 15 and 14 (with the acetylaminopropyl substituent) the least lipophilic. The intercorrelation between two parameters R M0 and b for all 1,8-diazaphenothiazines 1 -16 gave an equation with moderate correlation Next, the R M0 values were correlated with predicted absorption, distribution, metabolism and excretion properties such as the HIA, the PB, the BBB and MDCK. The best correlations were found for BBB penetration (r ¼ 0.8091). The correlations of the R M0 values with the tested activities were differential giving significant correlation with TNF-a inhibition (r ¼ 0.744) but the weak correlation with AP (r ¼ 0.208). This fact suggests that the lipophilicity is not only parameter influencing biological activities.
As the R M0 values showed relative lipophilic properties in the dipyrido-1,4-thiazine series 1 -16, it was of interest to estimate absolute lipophilic properties such as the log P TLC values. The correlation between the log P lit values and the experimental R M0 values for standards I-V gave the calibration equation The obtained log P TLC values were in the range of 0.8298 -2.6014. The most lipophilic compound is the 1,8-diazaphenothiazine 13 with the phthalimidopropyl substituent at the nitrogen atom of the 1,4-tiazine ring (log P TLC ¼ 2.6014), but the least lipophilic properties were found for the derivatives with the acylaminopropyl and methanesulfonylaminopropyl substituents 14 and 15 (log P TLC , 1). The tested azaphenothiazines turned out to be generally less lipophilic. In order to find lipophilicity of new 1,8-diazaphenothiazines in relation to the phenothiazine and monoazaphenothiazine system, the lipophilicity of compound 6 (with the dimethylaminopropyl substituent at the nitrogen atom of the 1,4-thiazine ring) was compared with the lipophilicity of the references of neuroleptic phenothiazine compounds, promazine 17 (used as the strong neuroleptic in pharmacy) and prothipendyl 18 (used as moderate antipsychotic drug). Promazine 17 reveals the most lipophilic character (log P TLC ¼ 2.5892), prothipendyl 18 has slightly less lipophilic properties (log P TLC ¼ 2.1767) and 1,8-diazaphenothiazine 6 has the least lipophilic properties (log P TLC ¼ 1.8730). The presence of the additional nitrogen atom in the phenothiazine ring system reduces the lipophilic properties.
Finally, the experimental log P TLC values were compared with the log P calcd values. Good correlation coefficients were obtained with the ALOGP (log P TLC ¼ 0.4995 log P calcd þ 0.5396, r ¼ 0.7860) and M log P programs (log P TLC ¼ 0.6243log P calcd þ 0.8322, r ¼ 0.7371). However, the differences between the log P TLC and log P calcd values exceeded 0.5 (in the logarithmic scale), which are regarded as unacceptable (29) .
The lipophilicity of 10-substituted 1,8-diazaphenothiazines was compared with lipophilic parameters of isomeric compounds, 2,7-diazaphenothiazines (19, 30). Although 10H-1,8-diazaphenothiazine is slightly more lipophilic than 10H-2,7-diazaphenothiazine (1.75 vs 1.54), the 10-substituted derivatives of 1,8-diazaphenothiazines with the aliphatic substituents such as methyl or allyl are more lipophilic than the isomeric compounds (e.g., compound 2 and its isomer, 2.18 vs 1.69; compound 3 and its isomer, 2.31 vs 1.94). In the group of derivatives with the alkylaminoalkyl substituents, 1,8-diazaphenothiazines are gently less lipophilic (e.g., compound 7 and its isomer, 1.83 vs 1.97). Similarly, 1,8-diazaphenothiazines with the amide linkers demonstrate less lipophilic character than the 2,7-diaza isomeric compounds (e.g., compound 13 and its isomer, 2.60 vs 2.78). Generally, 10-substituted derivatives of 1,8-diazaphenothiazines are less lipophilic than the isomeric compounds.
Conclusion
Summing up, the lipophilicity of 16 anticancer and immunosuppressant derivatives of the new phenothiazine system, 1,8-diazaphenothiazine, was determined theoretically and experimentally using the computational programs and RP-TLC method. No calculating programs gave all the log P calcd values close to the log P TLC values, what can be attributed to their specific spatial structure with a folded tricyclic ring system. The results obtained also showed that the presence of the additional nitrogen atom in the phenothiazine structure decreased the lipophilicity. Finally, to search for quantitative relationships between physicochemical and pharmacological properties of the investigated compound, preliminary QSAR studies were undertaken. For active diazaphenothiazines, some correlations between TNF-a inhibition, HIA, BBB, MDCK activity and lipophilicity could be observed. 
